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INT^ODUCTTON 

Correlation  of  m  :  cr  os  true  furs.  1  features  with  mechanical 

properties  and  processing  tec uni ares,  has  teen  carried  out  to 

identify  factors  tnat  inripence  failure  modes  in  aluminum— 

silicon  csrbade  composites.  The  objective  of  this  study  is  to 

» 

investigate  material  variables,  mainly  thermomechanical 
processing,  wnten  affect  tensi  le  strength  and  elongation  in 
SiCw-Ai  matrix  composites,  correlating  mechanical  properties 
with  m  i  c  r  os  t  r  u  c  t  r  *' e  .  identifying  -failure  modes.  and 
evaluating  t ner mom ec nan i cal  processes  for  improvement  of 
composites  was  tne  approach  taden  in  this  study. 

Lighter,  sr-onger .  structural  materials  have  neen  sought 
after  for  many  years.  Finding  materials  for  new  applications, 
and  also  replacements  for  presently  used  materials,  is  an 
area  of  active  research.  Many  of  tne  conventional  mete  ■. s  and 
their  alloying  components  li.e.  additives  such  as  T 1 .  Cr,  Co) 
are  imported  from  potentially  unstable  nations  and.  nave  oeen 
placed  on  a  c  r -  -  - c a  ;  materials  1  i  s  t .  For  this  reason, 
reniacement  of  t.nese  materials  may  become  a  necessity  m  the 
very  near  t  u  t  v.  r  e  .  e  t  a  \  matrix  composites  are  .1  e  i  nc 
considered  to  f u 1  fill  rnis  role. 

Tne  or  00  1  em  of  •  •.  g  r«  cost  wo*  on  has  in  ml  oi  t»d  tne  use  of 
metal  matrix  compos  1 te  materia  Is  ro"  many  years  is  suiwiy 
■leinrr  a  t  ievi  ated.  ;  rrmupr1  manu  ractiir.i  rid  techmoues.  ’  g  ip*- 
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volume  usage,  and  longer  material  life  have  led  to  increased 
cons i derat i on  for  their  use  in  present  and  future  design 
concepts . 

One  such  materials  system  which  has  moved  rapidly  from 
its  laboratory  incept  ion  to  near  commercia.  lice  tion  is  a. 
silicon  carbide  wn.is.der  reinforced  aluminum  composite,  known 
as  Silag'Al  (Si  lag  is  a  tradename  for  Sic  whiskers  produced 
by  ARGO  Metals.)  This  material  is  typically  composed  of  20 
volume  percent  SIC  whiskers  in  various  aluminum  matrices.  It 
has  demons’- rated  strength  values  that  equal  or  exceed  most  Al 
alloys,  and  nnssesses  a  Young's  modulus  that  is  75X  higher 
(IS  x  I0fi  psi  [124  GPa J ) .  These  properties  are  quite  similar 
to  those  obtained  for  many  titanium  al Joys.  However,  aluminum 
composites  are  lighter  in  weight,  nence  their  specific 
properties  are  even  more  impressive.  These  properties  alone 
are  sufficient  justification  to  consider  turtner  work-  with 
this  materials  system,  but  additional  advantages  of  oeing 
able  to  use  conventional  forming  methods  such  as  extrusion, 
forging,  rolling,  etc.  make  the  materials  attractive  from  an 
economic  and  a  convenience  standpoint. 

The  development  or  silicon  carbide  whisker  reinforced 
composite  material  na.s  followed  a  logical  progression,  in 
that  baseline  mechan - ca j  property  data  na.s  been  estao  1  isned. 
A  i. :  d  i  t  !  o  n  a  1  1  y  ,  -  i  i  m  ■>  t  e  a  amount  o  f  m  i  c  r  o  s  t  r  u  c  r  v  r  a  • 
c  ha  racfar  i  r»a  t  *  on  has  o*i»n  performed.  As  with  many  mater  l  a  j  s  , 
success  comes  quicsriy  in  the  early  stages  or  development,  ant 
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then  more  difficult  problems  ere  encountered  at  a  later  date. 
These  difficulties  are  overcome  only  by  obtaining  a  complete 
understanding  the  system.  Most  frequently  the  limitations  are 
related  to  the  microstructure,  hence  correlation  of  specimen 
history  and  properties  with  m i cros true rural  observations 
often  .leads  to  a  better  understanding  or  tne  material. 


Fracture 

tougnness  and  e 

i  o  n  g  a  t  : 

on.  to  f  aiiure  of 

many 

composites  i 

s  considerably 

i  o  w  e  r 

than  desirable 

-  1  -  . 

Invest icat ions 

need  to  oe  made 

on  the 

m  icrosfrv.ctu.ra  1 

1  eve  1 

and  mechanisms  proposed,  for  the  actual  failure  processes. 
Using  this  information,  alternatives  can  ne  developed  to 
minimite  tne  deleterious  factors  leading  to  low  toughness  and 
elongation  in  the  discontinuous  SiC  whisker  composite  system. 
It  is  to  this  problem  that  the  present  study  is  addressed. 

it  nas  long  been  accepted  that  composite  materials  made 
using  long,  continuous,  high  strength  reinforcement,  achieve 
overall  improved  strength  properties.  This  is  accomplished 
by  transferring  applied  loads  through  tne  matrix  to  the 
reinforcement,  which  can  then  accommodate  the  higher  stress. 
However,  in  the  case  of  relatively  short  (10  micron)  Sic 
whiskers,  it  is  questionable  whether  or  not  the  wniskers  are 
long  er>  nv.q  n  to  support  a  loan.  Evidence  will  later  be 
presented  to  snow  that1  small  SiC  wniskers  can  indeed-  ca~ry  a 
loan  transferred  through  tne  matrix,  and  t  ne  f  this  phenomenon 
must  be  considers  tbe  major  strongmen  i  ng  meonem  sm  in  f,  - 
Ai  composites. 
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Failure  modes  were  investigated.  Cracks  in  composites 
can  theoretically  initiate  at  many  different  sites  within  the 
material.  Evidence  will  be  given  identifying  the  most 
detrimental  crack  initiation  sites.  Also,  several 
compositional  and  processing  changes  were  investigated  in  an 
attempt  to  alleviate  these  problems.  Roth  property  enhancing 
treatments,  and  also  some  previously  unrecognised  harmful 
processes  and  treatments  will  be  identified.  Recommendations 
to  avoid  or  alleviate  orooiems  were  evaluated  and  will  be 


oresented . 


BACKGROUND 

A  great  deal  of  research  in  the  past  twenty  years  has 
been  done  an  the  tield  of  reinforcing  lightweight,  lower 
strength  materials  with  strong  fibers  or  particles.  This 

r  o _ A  1 

concept  is  the  central  idea  in  composite  materials  -  ~ 
Materials  of  high  strength- to- wei ght  ratios  are  especially 
attractive.  Normally,  the  fibers  nave  high  strength  and 
elastic  modulus,  while  the  matrix  material  is  ductile  and 
weak.  Also,  tne  matrix  must  be  non-reaotive  with  tne  fibers. 
Metals  and  polymers  have  been  used  as  matrix  materials,  and 
glass,  boron,  graphite,  and  metal,  wires,  sucn  as  tungsten, 

f  c  1 

have  been  used  as  reinforcement-  -  .  The  tihers  may  oe  long 
and  continuous,  or  relatively  snort  and  discontinuous.  The 
most  common  reinforced  composite  materials  are  the  glass- 
fiber  reinforced  products-  * . 

I  n  f i her  re  inrorceo  composites,  the  matrix  serves  t0 
transm  i  r  the  applied  load  <-0  the  fibers,  protect  fibers  rrom 
damage,  and  to  separate  the  individual  tibers.  The  high 
modulus  ribe^s  carry  essentially  all  of  tne  load  -  -  tnroucjn 

shear  stresses  developed  along  the  fiber-matrix  interface  - ° . 

Sil’con  carbide  whiskers  produced  from  rice  hulls  were 
first  reporter)  in  I97;i  -  ^  .  The  nromi.se  ot  the  material  at 

that  time  was  -eongnired  to  be  the  no  tent  i  a  1  low  cost-  since 
the  Wiiis  icers  we’-e  the  <;•  e  r  ’  va  t  i  ve  or  a  waste  nroduot.  'hiring 
the  nast  tew  years.  i  r;  n3ve  been  i  n  trod  need  into  a  luninim 
-.ratrices  to  tern  cnmnris  n  tes  . 
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Data  on  the  mechanical  properties  of  the  SiC  whiskers  m 
various  Al  a..i  ioys  are  given  in  a  paper  by  Diveoha,  Fishman 
and  Karmarker  -  3  0  -  ,  and  in  the  minutes  of  the  Fourth  Annual 
Discontinuous  Reinforced  Aluminum-Mater is  1  working  Group 
Meeting  -  -1 3  -  .  The  most  complete  study  for  a  particular  alloy 
has  oeen  one  conducted  by  ARGO  Metals  for  the  lava j  Surface 
Weapons  Center  (Danlgren,  Va.)  -  1  ~  -  .  This  study  concluded 
that  A.l  6061  alloy  containing  SO  v/o  SiO  whiskers  was  a  very 
promising  ana  reproducible  system.  The  material  showed  little 
variation  in  whisker  uniformity  in  different  extrusions,  and 
reproducible  tensile  properties  were  obtained  with  little 
scatter.  The  mean  va  lues  ootamer;  for  60  fests  were: 


Elastic  Modu I u  s  = 
Yield  Strength  - 
Ultimate  Strength  = 
Elongation  = 


118.6  GRa  (17.2  x  106  psi ) 
-66  MPa  (66.2  X  10S  psij 
600  MPa.  (87.0  x  1.0s  ps  i ) 
1  .  68  % 


These  values  represent  increases  of  7  2%,  1  1  &% ,  and  149%  for 
the  modulus,  yield,  and  ultimate  strengths,  respectively,  and 
a  decrease  of  89%  in  fne  elongation  to  failure  over  a  typical 
6  o  6 1 / T  6  alloy,  in  sp-te  or  the  very  favorable  tensile 
orooerties,  it  is  me  decrease  - n  elongation  (or  strain  to 
failure)  that  is  one  of  t  ii  e  primary  proolems  in.  this 
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interfacial  bonding  is  basically  good  in  fne  system.  He 
further  states  that  tne  oxide  A.UO.,  ann  intermetal  1  ic  beta- 

C.  .■> 

Al4siC4  were  present  in  the  intertacial  region.  Marcus 
concluded  that  the  interface  does  not  play  a  ma^or  role  in 
the  fracture  of  the  material,  because  fracture  occurs 
primarily  in  the  matrix.  More  interracial  composition  studies 
have  been  made  by  Mutt  and  Carpenter  -  **  -1  .  weere  MgO  nas  neen 

detected  at  the  interface. 

That  the  whiskers  t nemse  i ves  contribute  to  composite 
strength  is  not  shared  by  all  investigators.  Sanders  states 
that  fiber  volume  traction,  distn  out  :•  on ,  and  lengtn-to- 
dia  meter  (L  D  >  v*~tio.  along  with  other  parameters,  control 
the  density  and  distn but i on  of  matrix  dislocations.  An 
unfavorable  distribution  or  fibers  and  dislocations  can 
re.su.lt  2  n  premature  failure  due  to  strain  localisation  1  s  3 . 
Sanders  conducted  a  study  of  aluminum  3  iC  wnisxer  and 
particulate  composites  -  1 5  -  .  He  concluded  that  since 
strengthening  mechanisms  were  similar  for  all  reinforcement 
morphologies  examinee,  the  aspect  rstio  of  the  wnisKers  was 
apparently  insufficient  ~o  a.  a  ter  tne  strengthening  mecnsnism. 
However,  quantitative  L  ■  1)  v»Jdps  were  not  reported. 

Arsenault  and  Eisner  -  1  3  suggest  that  primary 

composite  strengthening  is  attributable  to  the  high  density 
of  ( •  i s i o  ra  r : o n s  w  n  i  c n  a  re  generated  w  n  e  n  the  m  a  f  e  r i a  ;  : s 

conier;  c-u  ” 1  •  «r  t  ra  **  .  on.  formation  of  these  e  -  s  i  oca  t  ions  ■ s 

due  ro  me  t-'erm  a  i  exoans  i  on  m  i  smatcn  between  the  matrix  and 


7 


8 


whiskers.  Thev  further  state  that  the  discontinuous  whiskers 


are  not  of  sufficient  dimensions  to  support  a  load,  and  that 


virtually  none  of  tne  wnisicers  have  the  lengtn-to-diameter 


ratio  of  66  necessary  ror  strengthening.  This  theory, 


ho  iv  ever,  does  not  account  for  the  observed  anisotropic 


r  1  7  1 

strength  properties  of  rns  composites  -  ,  where  transverse 


tensile  strength  is  anoraximatelv  76-80%  of  the  ioncri  tudinal 


value . 


tJsinc  the  re)annnshi"i  deve  loned  hv  Ileilv  and  Tvson 


- , that  is 


•  c ' n  = 


where :  I.r  =  critical  finer  length  to  achieve  max  n  mum 


stress  in  the  rider 


0  =  if  i  her  diameter 


-  maximum  fiber  tensile  strength 


t -shear  vie  id  stress  of  tne  matrix  in: 


interracial  sneer  strenrtn.  whichever 


l s  L  owe  r ) 


w  a  w  n  e  r 


L  *  9  ]  •„ 


as  calculated  me  critical  I,  /  D  ratios  for 


assumed  whisker  strengths.  Tne  matrix,  6061-76  A i ,  has  a  snea: 


strength  of  60  ?fs  i  '”07  Una).  An  *n(hcfition  of  Si  lao  wmsker 


strenotn  can  be  oat? i ned  bv  ex t r a no i a t j no  tne  curve  or 


coin  nos  i  te  sfre'd't  >  »’s .  vo  •  u  re  r  "a  c  r  *  on  of  w,u  s  k  e  r  to  ]()(;"; 


volume  tract  i  on  t  {>  •  nu  -e  '  >  .  A  •  r  nouon  "ot  coimiatpJ  v  »s  nr, 


■>ere  use  of  wn  i  s  K*er  m  ••  a  i  umirm  -  .  *  :ie  va.  i  ue  oifr-ineo  sno  i  .  o 


renresen  t  a  : o  w  e  r  oound.  As  s  n  own  in  tne  fioure.  tee 


EXTRAPOLATED  FOR  SILAG  /6061 
<rF  -  204,000  ,  psi  U.4GP0) 

Ep  -41X10*  psi  (283  GPo) 


20  40  60  80 

VOLUME  PERCENT  WHISKERS 


Figure  1.  Tensile  Strength  vs.  Volume  Whiskers 


1  0 

extrapolated  value  is  704  llsi  (1.4  GPa),  a  reasonable  numoer 

tor  imperfect  whiskers  with  surface  defects.  From  this  value 

then,  a  critical  lengt.o-to-d  i  ameter  ratio  ( Lc/D>  of  3.4  would 

be  obtained  for  the  3'iiag  -  6061  /  T6  system.  If  whisker 

strength  is  assumed  to  oe  1000  Isi  (6.9  GPa),  a  value  that  is 

not  unusual  for  small  diameter  whiskers,  then  a  r,  /  n  ratio  of 

16.7  would  be  abtainec  ror  tne  system. 

r  *  7  i 

Work  by  Nardore  and  Prewo  -  *■  -  ->as  provideo  further 

support  for  tne  theory  or  load  transfer  to  whiskers,  r.n  their 
study,  a  modified  tormuia  mr  critical  tiber  length  was 
deveioned.  and  tested  witn  606i-Si('  comoos  l  tes .  The 
modi  ti  cation  ta:ces  into  account  transrer  or  loan  a x  tne  ends 
of  short  fibers,  other  tneor’es  negiect  r-oer  end  effects. 
Mardone  and  Prewo  state  tnat  -  t  is  possid.le  to  ontain 
strengthen  mg  from  wh  i  seers  with  ^s^p^cr  r?t:  os  of  l  d  =  3. 
Their  results  are  in  rood  agreement  witn  tne  a  oove 
calculation  of  I.r.  0= 

At  the  University  or  Virginia,  Wawner  and  others  !  , 
have  determined  several  factors  that  influence  fracture: 

1.  Incomplete  oowr;  e-  compaction  during  composite 

preparer  i  on  results  in  weaker  interfaciai 

oord  i  n<-  and  no  ms  i  rv. 

— •  '  « 

2.  matrix  '  .  1,'y  cna.i  -  str  les  can  effect  precipitation 

of  .  a  r  g  e  ,  >  i  r  l  1 1  \  e  particles,  wmen  can  antes 

cracc  propat -at  i  on  perns. 

3  .  N  o  n  \  ■  n  i  r  o  r  m  wn  i  suer  distnbi’ti  on  M  es  u  1 1  s  i  n 


fiber-  finer  contact. 


I 


I 


I 


i 

r 

> 


1 1 


4  . 


5. 


sites  fnr 
I  mpu r 1 1 i es 
a  Iso  contr 


These  contact  areas  are 
of  brattle  particles, 
present  in  raw  materials  (Fe,  Mn), 
ibure  to  nrecirutate  formation. 


Variation  in  woistcer  diameter  can  inhibit  uniform 
oistr:  on  t  i  on  or  --e  i  nf  o-cement  throughout  the 
matrix . 


Figures  2  a no  3  depict  the  brittle  nature  of  large 
precipitates  in  2124  Ai  specimens  whicn  were  prepared  by 
identical  powder  metallurgy  teonniques  as  tne  composite,  and 
tested  in  tension  -  Aitnougn  tne  surrounding  matrix  is 
relatively  unde formed ,  large  cranes  are  clearly  seen  to 
propagate  througn  tne  particles.  Energy  dispersive 
spectroscopy  (EDS)  has  revealed  Mn  and  He  content  in  tnese 


precipitates . 

Fracture  toughness  measurements  uy  Hatrigan  ?  2  ,  mane 
on  SiC  particulate  reinforced  6061  Ai.  nave  snown  K1c  to  ne  a 
function  of  SiC  content  and  neat  treatment  conditions  (Figure 
4 } .  In  this  figure,  not  only  are  values  for  composites  given, 
but  also  data  tor  some  standard  A  I  aj  ioys  are  presented  for 
comparison.  The  alloy  materials  ail  have  n.gner  tougnness 
values  than  do  the  composites.  This  tact  can  ne  understood  by 
considering  tougnness  as  me  anility  ,r  a  ivtermi  to  adsorb 
r-  "e^gy  in  tne  piasrir-  -a  nge  *  '  -  .  in  terms  or  a  stress— strnin 

i  eg  "an  men,  fee  area  inicer  me  curve  i  s  an  ■>  n  o  l  c  a  t  l  o  n  of 
f  -  e  amount  o  ■'  wor  r  >»ow>  on  fie-  meter  i  a,  i  .  or  tne  amount  or 
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i  ft 

energy  absorbed  (see  Figure  5).  The  incorporation  or  SiC 
wn issuers  into  the  matrix  increases  me  rpnsi  le  strength,  hut 
greatly  decreases  tne  elongation.  Thus  compared  to  the  alloy 
alone,  the  energy  aosorbed  in  composites  is  much  less. 

In  Figure  4.  it  can  also  be  noted  tna.t  composite 
toughness  decreases  with  increasing  yield  strength.  Higner 
strength  is  achieved  by  transfer  of  stress  from  the  matrix  to 

9  A  ) 

the  fibers  via  a  strong  fiber-matrix  interta.ee  -  "  A 

stronger  interface  implies  higher  strength.  Concomitant  with 
a.  stronger  interface,  however,  the  ductility  of  tne  matrix  is 
further  restricted  and  elongation  decreases.  Hence,  fracture 
toughness  declines.  The  competing  effects  of  higher  strength 
at  tne  expense  or  cuctixitv  is  the  major  problem  mnibiting 
widespread  use  of  composite  materials. 

Bettadapur  and  Wawnev’  -  '’5-  conducted  a  study  of  tensile 
strength  as  a  function  of  temperature  tor  t.oftl  A'l-HiC 
composites.  Materials  were  heated  and  hot  pressed  at 
different  elevated  temperatures,  then  mecnanically  tested  at 
room  temperature.  As  snown  by  the  results  in  Figure  6, 
ultimate  tens  lie  strength  varies  after  exposure  to  different 
temperatures.  It  is  interesting  to  note  that,  generally,  as 
treatment  temperature  increases,  strength  values  decrease  in 
magnitude,  tnen  show  an  increase  in  strength  again.  (The  ton 


curve  is  an  except  -  on.  j  hossinle  i  influences  a*  e  tempera  t  ere  . 
hot  pressing  e  t  -  e  >*  r  s  .  or  some  com  ni  nation  or  tne  two .  Tne  re 
w as.  m r»  w e  v e  r  .  *  o  <  ■  e  ■■  i  -■  i  f  e  e x n  i  a  n  a  t  i  o  vi  <j  i  ve  ,•»  f  o  r  this 
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ooservation . 

Fracture  surfaces  in  Al-SiC,,  scow  fine  matrix  dimples 
L?6J  which  are  indications  of  ductility,  although  on  the 
macroscopic  level,  the  materials  heb.ave  m  a  brittle  manner. 
Whiskers  without  aluminum  ad ne ring  to  them,  have  been  found 
on  f  r  a  c  t  u r  e  surfaces.  This  pnenomenon  indicates  that 
debondmg  at  the  interface  is  a  common  feature  m  fracture 
•  A  1  - .  Webster  -  '  -  ?  i.qn  rs  thr-t  vuprtscia]  bonding  can 

be  an  important  tractor  in  composite  strength. 

I  °  1  ! 

Fracture  stuoies  oy  Wawner  -  -  clearly  snow  the 

importance  of  the  interface.  Tensile  fracture  specimens  of 
2124  — SiC. ,  cornnosites  we-e  examined  witn  TKM  (F  inures  7  and 
6).  Cavities  are  found  to  form  at  whisker  tips  and  along  the 
interface.  Tne  same  pr.e^omenon  of  cav.i  ty  formation  was  a  iso 
reported  by  Nutt  and  Duva  .  Any  weak  oonding  oetween 

matrix  and  wmsker  can  ram; a  premature  crack  initiation  in 
these  areas.  Correction  or  mechanical  properties  with 
m i crostructure  in  investigations  such  as  tnese  can  lead  to 
strengthening  theories.  However,  many  fracture  studies  nave 
not  provided  detsi  .  eo  m i rrostructura  1  character l xat i on  of 
test  specimens,  and  so  application  of  general  theories  is 

d  1  f  f  i  CU  1  t  -  -j0  -  . 

Hero^ma  r  i  o"*  r  i  e?-:  of  com  nos  i  fes  have  yielded 
conflicting  results,  h  ’•  «=>  w  e  •*  and  Sa  r  ke  r  -  1  -  round  that  not 
roiled  “?]  ?4 ,  Ficw  sneer  r  .signer  st-engtn  tian  extrusions  or 
roiled  plate.  'I  h  e  y  jure  t  n  e  i  v-  -  n  r  •  i  r  i  r-  s  to  Oerter 


•-  A  N.  \  A 


homogenization  ot  alloying  elements.,  and  better  particle 
distribution,  induced  bv  the  roliinn  nrocess.  In  the  same 
report,  however,  they  state  tnat  rolling  caused  a  10% 
reduction  in  modulus  in  the  extrusion  direction  of  the 

r  #1  •) 

material.  Harrigan  and  others  - “  -  found  that  strain  to 

failure  is  a  function  ot  roil  reduction.  They  also  showed 

that  hot  rolling  of  6061  composites  to  greater  than  30% 

reduction  in  thickness,  improved  noth  tensile  strength  and 

strain  to  failure  values  (see  Figure  9).  In  contrast.  Nieh 

and  Kariak  -J'5!  demonstrated  in  6061  and  2024  composites, 

that  properties  of  hot  rolled  materials  were  comparable  to 

extrusions,  although  the  hot  rolling  resulted  m  more  uniform 

microstructure.  In  a  thermomechanica 1  study  of  7475  al loy/SiC 

composites,  Ghosh  et.ai.  ■’ 4  also  conclude  that  there  is 

not  a  significant  difference  m  the  effects  of  secondary  hot 

rolling  or  forging  or  composite  properties. 

Heat  treatments  for  unreinforced  A l  alloys  have  oeen 

r  ;  s  .  k  1 

characterised  in  neotn  -  Heat  treating  encompasses  any 

heating  or  cooling  operations  performed  on  an  alloy  in  order 
to  change  mechanical  properties,  structure,  or  stress  state 
m  rne  a.ixoy.  w  i  r  n  aluminum  alloys,  an  increase  in  strength 
and  hardness  in  precipi  tat  i  on  h  amenable  materials  is  the 
usual  objective  of  sunn  treatments.  Normally,  a  three  part 
process  is  employee  to  achieve  higher  strength: 

i.  Solution  r>ea  r  meat  the  alloy  at  a  temperature  nign 
enough  to  oirsoivo  me  so  '•  uf>  -  e  nnases  . 


r+, 


?.  Quench  (usually  rapidly)  rrom  the  solution 
temperature.,  in  order  to  develop  a  state  of 
supersaturat ion  . 

3.  Age  the  material  to  precipitate  the  strengthening 

phase,  either  at  room  temperature  (natural  aging), 
or  at  elevated  temperature  (artificial  aging). 

Times  and  temperatures  used  in  these  processes  vary  with  each 
particular  alloy  composition,  and  the  properties  desired. 

When  composite  materials  using  Al  alloys  were  first 
being-  developed,  it  was  natural  to  neat  treat  according  to 
methods  developed  tor  the  matrix  aluminum.  And  so,  most 
thermal  treatments  for  aluminum  composite  materials  are  based 
on  studies  of  tne  pure  matrix  a  Lone.  However,  using 
differential  scanning  calorimetry,  Paper i an  -  %w  *  has  shown 
that  the  presence  of  3:C  m  a  6061  A:  matrix  can  modify 
prpcipi ration  He navi  or ,  as  seen  in  Kigiup  10  .  There tore, 
composite  heat  treatments  cased  on  matrix  information  alone, 
mav  not  be  vie'.dmo  ontinum  results. 


SPECIFIC 

HEAT, 

J/gK 
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P/M  6061 -T62 
20%  SIC/6061-T62 


TEMPERATURE,  «C 


Figure  10.  Differential  scanning  Calorimetry  Curves 
for  60b l  Xatrix  ar.u  Com.Dosite  [37: 
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Material  Acquisition- 

Ail  materials  investigated  were  rubricated  by  ARCO 
Chemical  Co..  Si  lag  Operation  in  Greer..  South  Carolina, 
according  to  the  toJ  a  owing  general  procedure  (see  Eigure  111, 
the  exact  deta : is  of  wnicn  remain  proprietary: 

I.  Loading  of  tne  o  (endecs  aluminum  alloy  -  silicon  caroide 
win  suer  material  into  a  die. 

? .  Loading  tne  oie  into  a  vaccuum  not  press. 

>.  Heating  the  loaded  die  wniie  alternately  evacuating  and. 
back-failing  tne  cnamner  witn  an  inert  gas. 

J.  Heating  the  loaded  oie  to  a  temperature  amove  me  ailov 
solidus  under  vaccuum. 

ft .  Applying  pressure  at  a  control  leo  rate  nnt-  .  nil ly  cense. 

6.  Coo  i  mg  the  die  and  removing  tne  oi  -  .et  r-om  me  die. 

Y.  Extruding  the  billet  at  an  e  ievateo  -empera  tr.re  into  7 .  ft 
cm  thick  plate. 

a.  Materials  received  in  r  o  i  ;  eo  sneer  were  or  roiled  at 
temperatures  just  below  tne  soiidus.  Successive  masses  or 
1  Oil  ’'eduction  were  used  to  omtain  tne  cesireci  thicicness. 

M i crostructure  Cnaracter i rat l on : 

Three  genera  .  su  bd  1  v  i  s  i  o“  s  o  ~  -  o  r-  n  in  in'  ire  -  Urt  ■  i  v  . 
whisker?.,  and  f  i  o  e  r  -  m  a  t.  r  ’  x  i  n  t  e  -  r  a  c  e  .  were  examinee  w  i  t  a 
scanning  arc  transmission  electron  n  a  crosco-w  (  r  .e.  SKY1  and 
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Figure  il.  Schematic  of  Vacuum 
Operation  [40] 
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TEM),  to  note  any  changes  securing  after  thermomechan i ca  i 
treatments . 

Cross  sections  or  es-^eoe i veci  material  were  ground  with 
400  and  600  grit  emery  ciotn.  tnen  polished  with  6,3.  and 
finally  1  micron  diamond  paste  using  a  napless  cloth.  Final 
polishing  was  done  with  O.Oh  micron  MgO  somtion,  which  also 
served  as  a  slight  etc.if.nt.  ennancing  whisker,  precipitate, 
and  porosity  observation. 

Polished  surtaces  were  tirst  sputter  coated  with  an 
approximately  100  angstrom  tiucn  layer  o r  gold  to  improve 
electron  beam  conduction  at  tie  whiskers,  then  examinee  with 
scanning  electron  microscopy  using  a  .JF.OI,  model  j  S  M  - 
microscope  to  character- me  the  to l lowing  features: 

1.  Distribution  o  matrix  components  -  pr  ec  :  p  i  ta  t  as  . 
inclusions,  porosity  ,  sno  cracks.  (The  srps  arc 
locations  were  noted,  and  composition  was  studied 
using  enegy  dispersive  x-ray  spectroscopy.  )  , 

Whisker  sice,  d  i  s  tr  l  ou  t  ion ,  and  alignment  throughout 
the  m  a  t  "  -  x  .  '  i  o  ,  any  irregularities,  such  as 
damaged  wniske-s  were  investigated.). 

i.  The  ’.nte"*af;n'!  -eg ion.  i.e.  the  occurrence  or 

precipitates  or  pores  (  non -wet  c  i  ng  o  v  -  i  nersi  a  i  one1 

the  inter  race .  or  tor*  absence  or  these  pne  untie- a 

a  . 

were  s  t  iei  . 

h-rtnpr  I  r.  va«.  t -  t  i  on  o  •  wnisner  ■  emjT  i-i  o-r«  i  .•  ••!*-.  rev 
(aspect)  r  a  r  i  o  .  a  nr  .-  so  ’"tie  amour  r  or  nor  os  i  ry  .  was  r-  or.** 


vising  a  Lemont  Scientitic  Corporation  image  analyser.  SEM 
micrographs  were  used  as  input  to  tne  machine.  The  particles 
of  interest  (whiskers  or  pores)  were  then  anaiyced 
an tomat 1 ca 1 lv  using  a  chore  length  algorithm  to  determine 
sice  (length  and  diameter  for  whiskers)  or  volume  fraction 
(tor  pores). 

Gold  coated  fracture  surfaces  were  examined  in  tne  SKM. 
Fibers,  matrix,  and  interface  again  were  analysed  for 
tract u re  origination  and  propagation.  Comparison  of 
m icrostructure ,  oerore  and  after  tensile  resting  was  made. 

A  Philips  M  400  T  microscope  operated  warn  an 
accelerating  voltage  of  1  ?  0  '<  i  1  o  v  o  1  t  s  was  used  tor 

transmission  electron  microscopy  studies.  As -received 
materials  were  examinee*  to  characterise  matrix,  finer, 
precipitate.  ana  dislocation  morpnoiogy.  i)i tferences  in 
m  icrostructure  oe~ore  a  no  after  treatments  were  recorcieo. 


Tensile  Testing^ 

An  .!  natron  monel  TTCML  tensi  !e  testing  macnine  was  used 
to  perform  tensile  tests.  A  500  tcilogram  loan  c  e  i  ■  was  .sen 
with  a  crossiieao  speed  or  0.05  cm  min.  Spec  i  men  dimensions 
are  shown  in  Figure  1 v.  limitations  imposed  oy  tne  dimensions 
or  extruoed  composites,  arm  a i so  oy  “oiling  parameters. 
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with  emery  clotn. 

Roll ing 

A  Fenn  5  inch  diameter  rolling  mill  was  used  to  roll 
materials  at  a  rate  or  16  teet  per  minute.  Samples  were  hot- 
rolled  at  493°  C  ana  p.  i  r-aoo  1  eo .  No  quencne.nf  was  used. 
Reductions  in  tnicirness  of  10*  were  made  with  each  pass 
through  the  rollers.  'I' he  samples  were  repeated  at  493®C  tor 
15  minutes  between  eacn  pass.  Starting  specimen  dimensions 
were  approximately  l  cm  rmcx  x  1.7.  cm  wide  x  ft  cm  long.  The 
rolling  direction  was  cnosen  to  he  perpendicular  to  tne 
extrusion  direction.  This  avoids  damaging  the  whiskers,  which 
tend  to  align  lengtnwise  aiong  tne  extrusion  direction. 

Ui  t  terent  i  a  .1  Scanning  Ca  i  or  i  met  ~y  •_ 

Transitions,  sncn  as  melting,  precipitation,  and 
dissolution,  were  investigated  witn  a  R<=>rx  m-K  i  mer  Model  DSC- 
7  r.  i  r  rerent  i  a  J  scanning  calorimeter  (DSC).  Three  mm  diameter 
by  i  mm  thick:  specimens  were  neaten  in  a  nitrogen  atmosphere 

at  a  rate  ot  V10°  C/m  i  nut  e.  starting  at  50°  C  ana  going  to 

i  ra  i  temneratures  ot  between  500  a  no  n  5  0  °  C  .  depending  on 
tne  matrix  material  being  l nves r i ga r ea .  Reaction  temperatures 
we^e  determined  from  tots  ot  mi  i  iiwstts  ;  i.e.  energy  units) 
vs.  tempera  tu-e. 

5  ea  r  T  r  ea  t  i  nr  • 

v  e  c  t  i  n  n  temperatures  ’  n  e  n  t  i  *•  :  e  < :  w  t  t  .1  0  S  O’ 

i  V{)°  .  /o°  ,  4  50°  .  ?nr  la  i°C  i  were  usee,  as  u  t  r  pea  t  men  t 
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temperatures  tor  ootn  1100  and  2 1  ',U  matrix  -  20  v/o  S  iCw 
composites.  Samples  were  heated  for  1  hour  at  tne  temperature 
of  interest.,  cold,  water  quencned,  and  then  aged  for  10  hours 
at  160°  C. 

Both  extruded  and  rolieo  materials  were  prepared  in  the 
identical  manner  to  see  if  heat  treatment  had  any  significant 
effects  in  the  deformed  vs.  tne  undeformed  material. 


TEM  S&mole  Preoarat ion : 


Three  mm  diameter  discs  were  cut  from  bn.  i  ic  material  and 
ground  to  a  thickness  or  0.005  in.  with  600  grit  emery  cloth. 
These  discs  were  further  poiisnen  using  6  micron  diameter 
diamond  paste  solution  on  a  VCR  Group  Dimpling  macnine,  to  a 
thickness  of  0.002  in.  Hinal  polishing  to  perforation  was 
done  with  argon  ion-milling  using  a  Gatan  Mocei  600  dual  ion- 
mill,  at  settings  of  4  iciiovolts  accelerating  voltage,  1.0 
microampere  current,  and  a  final  ion  stream  angle  of  5° 
inclined  to  the  specimen  surface. 


Results  end  Discussion 

Description  of  Research^ 

Past  microstru.  ctnral  studies  have  indicated  that 
constituent  particles  in  tne  3-5  micron  sine  range  dominate 
failure  in  the  present  composite  systems  of  interest  (i.e. 
SiC/2124  and  SiC/6061).  Tnese  particles..  identified  through 
x-ray  analysis  as;  A]  9CnMg,  Al20Mn..Cu9 ,  and  FeCuMnAlg 
■38' .influence  fracture  tougnness  since  they  generally  are 
brittle  and  form  in  critical  locations  such  as  whisker-matrix 
interfaces  or  along  grain  nounaaries.  These  particles  are 
also  found  to  form  .in  areas  where  wmsuers  are  in  contact,  as 
shown  in  Figure  13.  This  ~igure  is  a  f KM  micrograph  of  a 
precipitate  formed  at  tne  contact  area  of  two  whiskers  in  a 
2124  matrix  composite.  Figures  14  and  15  snow  SEM  micrographs 
of  typical  particles  on  tne  fracture  surfaces  or  this 
material.  Included  is  an  energy  dispersive  x-ray  spectra 
indicating  that  Cu,  Fe,  and  Mn  are  found  in  these  particles. 
The  particles  exhibit  cleaved  surfaces  compared  to  the 
ductile  appearance  or  the  surrounding  matrix.  Also  seen  in 
Figure  15,  is  a  era ox  passing  tnrough  the  particle.  Pore 
formation  can  also  ne  seen. 

Minimising  tne  efr^r.tn  of  these  cietr  1  menta  i  particles  is 
a  first  step  towa.ro  improved  fracture  toughness.  Cleaner 
wnisk'er  starting  mate;  i  n  1  and  i  improved  extrusion  met  non  s 
developed  at.  AkCO  ';i  lag,  nave  great  iv  improved  whisker 
distribution  throughout  to,.*  matrix.  Tn  Figure  1  h,  note  tne 
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Figure  15.  Brittle  lntermet.il  1 
and  Corresponding  X 
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distribution  and  orientation  or  whiskers  in  "older"  5124  in 
Figure  16(a),  compared  to  the  more  recently  processed 
material  m  Figure  16(b).  Witn  oerter  wmsker  distribution, 
the  probability  or  precipitate  rormarion  at  wn i suer-whi sker 
contact  areas  is  greatly  reduced.  In  addition  to  minimising 
precipitate  formation  sites,  matrix  ai  1 ny  chemistry  can  he 
altered  to  reduce  tne  amount  ot  matrix  a i  loy  ng  elements 
present  (i.e.  Re . Me . vg,  cu  j  .  which  are  tne  manor  components  of 
these  nrec i p 1 ta tes. 

■Jew  a  ;  i  ovs  or  flittering  Cii  and  Mg  content  (and  also  a 
l,i-conra  mine  ailov)  were  usee  to  form  composites  with  SiCw. 
The  compos i t - ons  and  fiber  volume  tractions  are  listen  in 
Table  I.  Tnese  rnree  composites,  along  with  1100-20  v  o  SiCw 
a no  2  1  2  4  -  2  0  v  o  SiOM  are  tne  materials  u  s  e  n  in  t  n  i  s 
investigation.  Hess  t r, a n  bO  grains  of  eacn  of  the  new  ailov 
composites  was  provided  .ny  ARGO,  therefore  only  very  limited 
t  h  e  i’ m  o  m  e  c  n  a  n  l  c  a.  i  testing  of  tnese  new  materials  was 
pertorneo.  Most  experiments  were  done  with  1100  and  2124 
matrix  compos1 res. 

General  '»*■  i  orosTrr.ctnre  ot  As-received  Materials^ 

The  nasts  ot  metal  matrix  composite  strengthening  is  the 
addition  or  a  high  modulus  reinforcement  to  a.  lower  moor  lus 
matrix  materia  i  .  There  is  a  critica  l  aspect  ratio  tor  roe 
fibers  which,  must  oe  exceeded  to  ~  u  i  i  y  m  lire  tne  rgn 
s  t  renot  n  nroner  r  i  ns  of  r  r.e  re  i  n  t  o  r  c  am  e  n  t  *  •  4  .  ;'ne  aspect 
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ratios  of  all  materials  lister  in  T  =  b  i  s  1  were  measured,  in 
order  to  determine  if.  not  only  damage  incurred  during  the 
handling  and  processing  of  SiCw  was  affecting  final  aspect 
ratio,  but  also  it  other  factors  sum  as  format!  on  of 
precipitates,  volume  traction  or  tne  rioers  themselves.  and 
other  component  i  nterect  ions  .  ^  ;sn  nave  an  nr  i  pence. 

Processing  conditions  ot  ail  composites  were  held 
constant  wniie  matrix  composition  a.nn  wnisxer  volume 
traction  were  varied.  -  inure  17  is  a  ry picai  aspect  ratio 
histogram  obtained  for  a  a  ;  f,  systems  rested.  the  aspect- 
ratios  are  basical iv  tne  same  in  all  composites  investigated. 
The  most  pronabie  ratio  is  3  to  3  in  each  instance.  Si  i  gilt 
volume  fraction  and  matrix  variations  nave  no  major  street  on 
aspect  ratio. 

As  seen  in  figure  1 G  .  the  new  composites  exni  -» •>  t  much 
improved  whisker  alignment  and  distribution.  Since  si’rtsces 
tor  SUM  examination  or  whisker  distribution  were  polished  and 
etched,  it  was  necessary  to  verify  that  poli.  sning  was  not 


lu.encmc 

■  or’ 

enter  ion.  7 

’EM  samples  were 

exam  ined . 

ano  found 

ex.n  i  -i  i  t 

me 

same  r  i  u  e 

d t s t r i ou r ion  or 

v/  n  l  s  .<  e  r  s  . 

as  snown 

i  n  F  i  g  u  r  e  I  a  . 

The  nun  op:  of  area  ( 3-5  micron  sine)  particles  found  in 
7  12  4  and  6  0G1  composites.  nas  oeen  (ir*st  ica  j  i  y  reduced  oy 
lowering  tne  c*u  enc  content  or  tne  new  matrix  a  i  i  oys  .  and 

3  i  s  o  o  v  us  i  iii”  ’  c  :  «sn»r  1  "aw  materia  Is  {  i  .  e .  less  i  ::ipu  r  *  ties 
•  ruen  as  ac  arc-  v~.  i  tie  start  ino  material  unwopri.  Aoa  i  n .  in 
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Figure  18.  the  relatively  clean  matrix  is  evident.  Very  tew 


precipitates  or  sups  larger  than  wiisicer  diameters  (0.5 
micron)  were  found.  Attempts  to  x-ray  map  areas  of  Cu  and  Mg 
using  EDS  produced  no  areas  of  significant  concentrat i on  m 
tne  new  matrix  alloys.  There  are.  or  course,  stiil  some  large 
inter meta 1 1 1 cs  formed,  as  seen  in  Figure  l m,  hut  they  are  not 
very  common. 

Figure  18  also  snows  large  pores.  There  is  Ft:  a 

cons idera.o  1  e  amount  (l-'l'.v;  as  measured  from  SKY  niorograons  on 
the  image  analyrer)  ot  porosity  in  the  compacted  compos ' ms . 
Figure  19(0)  snows  a  dinner  nacnir  lean  on  m  i  crograpn  or  me 
pores.  To  further  reduce  porosity,  move  i  mpr ovement  •,  i  he 
powder  metallurgy  techniques  used  tor  composite  process i nr  is 
necessary  . 

Mat t i x-whisKpr  ntertacial  are  a s  are  generally  v  a r  y 
clean  in  me  Ai-Cu-Mg  a  no  A  i -r,  i  -Cu-Mg  a  I  ,oy  composites  see 
Figure  ?  0  (  a  )  J  .  In  the  A  i  -  Mg  pinery  alloy,  how  e  v  e  --  . 
precipitates  are  seen  to  rorm  along  tne  inter  race  (_  Figure  .’0 
(0)1.  The  large  numoer  or  nrittie  preo l p- tares .  as  previously 
seen  in  '11114  e:ici.  60s  1  composites,  nas  mien  great  Ly  reducer*  in 
these  new  a  i  i  ovs ,  thus  resulting  in  c.eaner  interfaces. 

Dislocations  nave  seen  o os erved  at  tne  Hid  finer  ends 
and  running  through  grains  adjacent  ‘o  whisxers  i  ^  lrnrf.  v <  . 
D  l  s  i  oca  f  l  on  density  measurements  were  not  .save  .  o  1 1  i  n  reuse 
'.••i'.J  !  e«?  .  o  ”  o  s  i  ;  ,  •  •-»  y  c  t  <•  merrec  .  I  -  ae 

u;iiie|’or!n0'i  m a  r  « r  '  a  I  s  . 
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importance  or  Whiskers  ana  Interrace: 

As  discussed  orev  i  ou  s  t  y ..  there  is  presently  a  question 
as  to  wnetner  or  not  tne  aspect  ratio  (L/D  =  3)  of  the  SiCw 
used  in  these  composites  meets  tne  critical  aspect  ratio 
criterion  for  fully  utilising  tne  fiber's  strength.  Anotner 
imnortant  issue  is  wnetner  or  not  tne  whiskers,  even  if  they 
nossess  the  required  dimensions,  actually  do  carry  a.  load. 
It  is  also  possible  that  tne  increase  in  matrix  dislocation 
density  due  to  tne  pres enne  of  tne  fibers.  is  tne  major 
strengthening  mecnan  is  in  . 

Sections  of  fracture^  tensile  specimens  ot  2124  and  1.100 
composites  were  examined  using  TSM.  Figures  22(a)  and  (o)  are 
electron  m  icrograpns  o.  enacting  Sit)  whiskers  which  have 
tractured  under  tne  applied  tensile  load.  The  stress  axis  was 
oar a i J  e  1  to  tne  w  .i  i  s  u  e  r  s  '  major  axes  of  orientation.  Areas 
r:  e  v  o  i  d  ot  matrix  material  can  be  seen  dr  tween  the 
cor r psponc i ng  sect •  rns  ot  the  fractured  whiskers.  If  the 
wniskers  hac  nr  oxer,  curing  f  »or  i  cat  ion,  the  region  between 
tnese  sections  ^louif,  r;?v*  been  mfiltratec  with  matrix 
n?reri?i,  Also,  examination  of  uncetormed  composites  revealed 
so  similar  w  •  •  •.  r.  x  e  »  a  or  cav  itati  on  between  wn lexers, 

i  rnougr.  oi  a  n  -r.i  i  arg-er  sea  j  e .  some  porosity  is  present. 

;r  -  ■  •  *  . .  v-  r-  -  - . ,  ~o  contrast  -  •  ®  ra  v  i  -  a  t  •  o  n  i  n  r  -•  a 

;  t  tp]-  nir”r ~n~  ~  tucii  was  suown  in  ’  :  ’pr^s  t  a  nr 
-l  .  f :  J  ftp.  -  ;  v  .  ••  •(,  ■(.*’<  'infer  ,  f  1  l''tR’,"SCP  . 

i ._i  - ■  i  s  t  -  o  n .  t . i :  1 1  ’  ? ,  ? '  e  -  i ’  .  ^  1  : i  i  ;  i  o n  stress  r  "Rni  f  R  "  *  o  f  n  e 
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reinforcement.  Fracture  tnen  occurs  witnin  tne  fiber  itself, 
not  ft  the  interface.  Therefore  tne  material  is  stronger. 

Tne  most  probable  explanation  for  tne  onserved  wiusk'er 
r^acture  is  tnat  the  tens  i  ie  ..or- a  has  been  transferred  from 
the  matrix  to  the  w h  i  s  k e *•  s  ,  w n  1  o n  can  then  act  as  tne  major 
load  carrying  mechanism.  As  snown  in  Figure  22,  fracture 
usually  occurs  in  the  central,  region  of  the  whisker  length, 
where  maximum  stress  within  the  finer  occurs.  Any  defects 
along  the  whisker  jenr-tn  can.  of  course,  shift  the  crack 
initiation,  site  a.wav  rr  c  m  t  n  e  center  of  the  tx  ser,  b  u  t  this 
was  not  generally  oose-veo.  A  iso,  no  interracial  damage  was 
observed  elsewhere  a  ;  ong  tne  s’  icw  lengths.  This  lack  of 
interface  cracking  or  cavitation  is  indicative  o  t  strong 
b  o  r  •  ri  i  n  g  ,  wnic  h  is  necessary  tor  tne  transfer  or  stress  from 
matrix  to  whisker. 

In  oroe-  to  t  u  nth  *-■<  -  -s  i  f  rerent  i  ate  between  the  roJe  of 
dislocations  ar.ci  tna  t  or  fid  whiskers,  a  comparison  was  made 
between  c>  i  t  f  e  •  •  e  n  r  samm  i  es  of  7124  composite.  One  set  of 
specimens  was  so .or*  on  neat  treated,  quencned  ,  and  aged  at 
'.  f:.()°C  to  o  ~  m  -.iT-r'-y,  r,-tf  phases.  The  mate  r  i  a  i  snoulci  then 
nave  an  i  ncrease  <■  i  s  .  o  c  a  t  i  o  n  density  assoc  :  a  te.i  witn  tne 
precipitate  r  o  r  w  a  t  ■>  o  n  .  b  e  c  a  u  s  «»  o  «•  tie  v  m  a  i  —  x  o  a  n  s  i  o  n 
d  i  r  f  e  r  ~  :i  c  •=■  s  .  Another  set  o  f  spec  i  mens  was  so  i  u  r  ion  heat 
f  reaver-  .  yen  oner  .  a  i  •<  rot  g t-  .  ■  ■  t  ’  if  .  r e  e  raster 

l  n  m  e  < :  i  ate  t  y  .  n  i  s  s  eco  r*  ■.  set  i  r  sew  "i  i  e  s  s  n  o  u  id  nave  a  i  . 

.  i  t  oy  i  ng  e  >eme  its  :  n  •  o  i  ,-o  i  u  t  oi.  a  >r  r  there  s.iou  id 
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Room  Tpmoerature  Tensile  Tests 
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materials.  Compa  r isons  of  strength  values  and  the  fracture 
surface  *n  i  oros true ru res  were  r  -er*  uses  to  c'eterm  i  ne  the 
effects  of  the  thermal  or  mec  nan :  cs.  1  process  inc.  As  seen  by 
toe  results  lister;  in  Tab  ie  'IT.  transverse  strength  is 
approximately  7  ft'*  of  the  longitudinal  value  m  each  instance. 

Fracture  surfaces  •>  n  Figure  e'-e  from  pxtvucad  1100 

matrix  composites,  slowing  similarity  between  transverse  and 
and  longitudinal  ~re.cfi**e  mooes.  Tio  c  not  i  j  s  ty  exn.i  lii  ted  by 
me  matrix  is  quite  evident.  The  same  com  oar  i  son  for  ft  24  is 
shown  m  Figure  74.  T-l'-'4  shows  mucn  more  porosity  and  oi'iftie 

appearing  fa  i  lure  :  n  to  an  '  00.  This  is  atm  nu  fad  i  e  to  the 

greater  amount  of  oritme  matrix  precipitates  present.  An 
■nteresting  phenomenon  on-served  oniy  in.  transverse  specimens, 
and  in  fact,  one  wn.i  ci  was  seen  m  a.  1  i  fran.svei-se  samples 
studied .  is  roe  : a  r  g  e  pieces  of  m srn x  a  n d  w h iscer 
conglomerate  w.i  ,  r:.i  a  r  e  torn  out  in  o  hunts  .  -eavmg  henind 
large  pores  -  no  exposed  wr.i«ikers  f  see  F  i  rnre  24-0).  vus 
result  con  . o  it  pa"t  or  the  reason  f  o "  lower  transverse 
srrengtn,  out  tee  phenomenon  is  not  h!  . ] y  understood. 

Allot ;ier  r-jtorure  r.courrrr>oe  wu.cn  was  ooser,|,eo  in  most 
of  tne  composites  consists  of  whister- free  matrix  mat  have 
ieen  in,:  er  to  ve**y  mue  !cm  f  e-edges .  wr  ie  fie  snrrorno  i  nc< 
areas  retain  tne  usual  dimpled  appearance.  Soon  area:;  in 
fon-’  a'  —  e  r  e .  ■  r  iioyr:  »  *  1  oo  .  ’’I  A  .1  —  !  •  i  -iln-  ■•'•y  .  a  no  A  1  -du  -  Mg  i 

a  re  p i ct n reo  i r  F i gu  re  ? ft . 

;  e . ;  e  *  ■  SI'p-.;  s  vs.  -  soU  ton  ;v*  I  observe  t  i  ons  are 
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consistent  with  the  to  i  .  ow :  ng  lory,  ?s  shown  in  Figure  •'  i-; . 
When  stress  is  a  n  ->  .  i  a . :  r  ■->  r  r  e  w  n  i  s  k  e  •  *-  .  o  n  g  i  t  u  i  ‘  -  no  i  •.  >  •  .  the 

prrflct  ive  aspect  -  a  t  i  o  is  r  re?  ter  than  when  tne  stress  a  y  s 
is  transverse  m  *--.e  :n  i  steer  er-g'tn.  in  tne  ]?rt“v  i  m  rar.ee . 
tne  "length"  or  m»  tniis'cer  is  essentially  tne  sane  as  the 
diameter,  a  no.  T  ">  -  '  .  don:  eguent  !  y ,  tne  sma  ]  ler  asnect  -a.tio 
provides  less  strengthening  m  that  direction. 

Ko  1 .1  i  ng  Streets: 

Transverse  and  iongiti’clinal  fracture  surfaces  or  roiled 
A 1-On-Mg  and  A  1  -r.  i  -  Cu-Mg  are  pictured  in  Figure  27.  whisker 
pullout.  both  tne  exposed  whiskers  and  correspond i ng  pores, 
can  ie  seen  in  tne  ' ongitndinai  surfaces.  These  surfaces  can 
be  corn  pa  "ec  w  t  •.  those  of  material  of  higher  strength,  i  n 
Figure  2-'-.  rne-e  tne  material  is  not  rolled  and  interracial 
damage  ;  pu  i  r>  -  r  .>  i  not  evident.  In  the  ro  1  1  «d  transverse 
fracture  surr*,:.»s  0f  -inure  27  and  especially  in  Figure 
7  7  (  C  )  ,  t  h  e  r  fav  i  n  way  of  material  at  the  w  h  i  s  k  e  ?.» -  m  a  tnx 
interface  is  rn  ;  t  q  ev  >  dent.  Figure  27(1)1  also  snows  bundles 
of  wn  *,  skers  apparently  rot  wetteo  by  the  matrix. 

Data  from  21  ”4.  transverse  and  longi  tud  i  na  1  t=>nsi  le  tests 
are  .  ■  s  t  e  <■  .  "•  v  a  n  i  e  ,  [  r  .  Hot-uo  l  i  i  n  g  {  h  ••  e  duct  ion  i 

decreased  ocgi  r.jo  i  na  .  tensile  strength  "'hf.,  a  no  rov-^ollinr 
!  1  f>'V  r  e< a  t  *.  or  i  "'■•rurec  <•  tre'-iot  :i  va  .  Ti  t  if-  •  'su«Vf-  r  s  e 
.-  i  f=* r  -  r, ;  i  .  o  ~  -  o  i  =•>  -  er  i  :  e  s  t  r  e  n g  t  i i  i  :  i o  w e  >- .  ;  t  w ; 

vev  i  r.Pr.  as  rev  •  >ee--,  •  ,-t  AMK)  -  .  t  "  a  t  "  i  "  :  s  -.fit 


Transverse 


Longitudinal 


i  igure  26.  Comparison  of  Aspect  Ratios  in  T 
or.u  Longitudinal  Directions" 
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nor  suitable 

^  f  tA  W  ■  )r  KSO fi 
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roduction  in 


for  colci-ro)  ling,  since  ir  fractures  after  on  i y 
tnrono’h  the  ro  l  •  rg  m  i  j .  ^ot-'o  i  1  ;ic;  at  -  a  1  °  0 
introduce  no  v  1  s  ;  n  i  e  damage  ,  even  after  a  b  5* 
t  h  i  c  ic  n  e  s  s . 


Transv e r s e  a. n d  lonci  ti'C  ;  id  .  fracture  surfaces  of  hot- 
ro i  led  ^1-4  are  shown  in  Kigrr-e  a.  T nese  micrographs  can  be 
comparer-  to  Figure  ?<; .  whim  snows  toe  same  materia  1  in  the 
unro  1  1  ed.  state,  Transverse  r  •-  a  c  t  u  -  e  surfaces,  -net  ore  and 
after  rolling  appear  similar.  ”  lie  rr  ;c  :  f  >v; 1  na  l  surfaces  also 
have  similar  appeal*  a  nr.es .  our  t  rere  is  an  u.ni'sua  1  ooserva.t  ion 
in  toe  not  ro  I  jpo  surface  '.figure  '-hiaij.  The  area  ucturpri. 
wtucn  was  a  common  occurrence  across  tne  si'rface.  does  not 
exhibit  fee  usual  u  l  n  p  l  eo  structure.  f  ns  tear? ,  a  ”  e  a of 
anna  rent  lore  i  i  _ed  i  n  c  i  p  l  e  t  me  :  t  i  n  g  at  a  tree  s  u  r  f  a  c  e 
(pores)  fro  rouna .  ,f’  h  i  s  uniting  phenomenon  coum  have  tsk-en 
place  during  the  nor-ro  1  i  ieg-  process.  The  transverse  surfaces 
again  snow  the  pulling  awav  of  finer -matrix  conglomerate 
as  seen  previously.  The  fracture  surfaces  for  bb:*;  rolling 


reduct ’ on  c-o  not  show  any  definite  m i crostructura 1  reasons 
for  tne  observed  strength  decreases,  but  it  is  suspected  that 
some  mterfar-a  1  on-mage  must  be  incurred  during  the  roiling 
vi>-  o cess  . 
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c,  quenching  in  co  id  we  ter,  and  then  aging  tor  10  hours 
i.  t  1  M")°  C.  A  study  wps  done  to  investigate  the  effects  of 
■md  i  1 1  cat  i  ons  of  the  solutioniting  temperature. 

Dot'  curves  were  r-enere  ted  tor  -l  ?4  end  1  *  Of)  comoosi  tes . 


ifi  ere  n resented  1  n  R  mures  7  9  and  ho 


i vftiv.  Alloy 


7  1  "  4  is  a.  atari  pi  ration  hardens  til  e  alloy,  while  1100  is 
commercial 1.  y  pure  aluminum.  The  1100  composite  shows  no 
apparent  reactions  at  any  temperature  vp  to  the  melting 
*" empera r u re  or  Tne  essence  of  precipitation  reactions 

i  s  .  or  cou-se,  expected  because  this  is  not  a  precipi ration 
h  a  r  r-  e  n  sole  alloy.  Additionally.  tnere  is  n  o  visible 


1  t  :  e  r  ;  .  i-  ' 


'eacfioU;  o^  tne  enerov  i nvo i ved  in  anv  such 


•reaction  is  too  small  to  •  >e  d< 


F'or  '10  4.,  nowever. 


tnere  a  e  several  temperatures  of  i n t e " e s t  -  v  V  0  ° ,  f  7  0° . 
4  0  °  .  and  approx  i  Mia  te  I  v  r  ns  read  of  solutionis  ing  at 

4-ji'1.  5-pec  i  mens  were  ••••eaten  tor  one  hour  at  r  h  e  s  e  different 
reaction  tempera  tures  to  allow  each  particular  reset i on  more 
time  to  approach  completion.  Samp  les  were  men  cold  water 
quenched  a  nr  a get  .  as  osua  i  .  Three  sets  or  roi  led  material 
(  M)*,  ft  ft  "C ,  ft  no  f.  ;>  %  -’ec-vot  ton  in  thickness)  and  also  sets  or 


e  x  t  r  u  (-•  a 


snecimens  were  neat  treated  at  t n  e  s  e 


temperatures.  g<  -.tvo!  set;;  of  1  lot)  com  nos  i  tes  i  ext  meed  a  no 
also  rolled  . u 'h ;  reduction;)  were  prenareo  in  an  i<  entice  i 


manner  for  rnrrvr'  sot 


si  •  e  t.->«,ts  were  teen  •  :#*r  rormec  on 


r-  i  i  spec  :  mens  *  r  mr^e  i  *  te  -•  t r«ng t h  w  i  r n  near  treatment .  -no 


a  i  SO  to  <-ff‘ 
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*»'  •v  *•*•***•*■  »'vV 

^ V*  v'  *•  <c-  Ov*  “ 


_S  A  .VIVA 


KWKSCWS 


A  crraoh  of  ultimate  tensile  strength  vs.  hee.t  treatment 


temperature  i s  given  in  Figure  si  tor  the  roJ led  and  for  the 
extruded  1100  materials.  The  extruded  tensile  strength  is 
essentially  mat  fee ted  by  near  treatment.  as  would  be 
expected  from  the  generated  DSC  curve.  The  rol led  1100  shows 
an  increase  of  strength  as  the  heat  treat  temperature  is 
increased.  Additional  points  at  360°  and  400°  were  generated 
to  verify  that  there  is  a  change  in  slope  of  the  curve  near 
■-,50°.  Strength  increases  with  temperature  up  to  350°,  then 
plateaus  o V  f  /.nee  Figure  32} .  These  i-esu.i  ts  indicate  that  the 
interracial  damage  induced  by  rolling,  (as  was  previously 
descr i bed ,  nee  H  igure  27),  can  be  somewhat  repaired  by 
heating  the  material  tor  1  hour  at  350°C  or  higner.  This  type 
of  curve  was  on 1  y  generated  for  material  reduceo  in  thictcness 
by  5?"~.  Greater  thickness  reduction  wou  It-  be  expected  to 
cause  create!’  interracial  damage,  which  may  he  i  r  repair  a  ole. 
Fracture  surf aces  were  examined,  but  no  obvious  differences 
were  fmc ant  between  anv  ot  the  rolled  or  extruded  materials. 

The  tens i  e  strength  vs.  heat  treatment  curves  for  the 
Various  nets  or  ''if 4  composites  are  shown  in  Figure  33.  The 
extrurer  materia  j  snows  variation  in  strength  with  neat 
treatment  -  n i q h  s t  r  e  u  g  t  h  after  anpii ratio n  of  ;  o  w 

t  e  m  p  e  r  a  t  u  r  e  •;  o  °  j  .  a  d  e  c  r  •=>  a  s  e  in  strength  after  v  V  0  ° 

exposure  .  a  *  sen  a  r  ~  :  r.  ,  •  '<  ■  (J  '  strength  a  f  t  e  f.  iea1 

treatment.  "i<>  ■  r,  :  i m;-  r*r  i Is  a  i  i  exnimt  curves  it  s  i  n  •  .  <- r 

shane.  snowing  "Pir-tr'.’i”  rig  .  n-rp  ••'■a  i  stneugf'  rt  '-’V(i0 . 
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ULTIMATE  STRENGTH  VS.  TEMPERATURE 


rength  vs.  Heat  Treatment  Temperature 
oi  I°c  ar.c]  Irrtrndec  Composites 


e.H 

t  fieri  a  large  decrease  in  f»ns  lie  strength  at  2  7  0°  ,  a  no  t  ne 
:iirlif>st  strength  at  4  An0.  (Recal  l  Figure  F  in  tne  na c.cg"ounri 
section,  where  tne  same  type  oehavior  was  seen  in  OKI 
compos  1 tes  .  ) 

Reheating  w? s  seen  to  repair  carnage  in  1100  composites. 
Although  there  are  i  rid  i  on  t  i  ons  of  a  similar  effect  in  "1-4 
near  5  0  0o0  .  there  is  scat -or  in.  the  data  tor  hit  revent  rn  i  1 
"pr  nit : o  n s  .  "n»r«fn“e  ,  a  d  e  r  •  n  i  f  e  conclusion  can  no-  he 
.  ■  -  awn . 

The  crest ic  'w-nctimi  in  -ensi  le  strength  a i ter  on  .  v  a 
one  nour  exposure  at  -170 p"  prompted  further  m  lcrosf  ructura  i 
studies,  ft  temper  material  fracture  surfaces  are  shown  in 
Figure  14.  * : one  with  an  energy  dispersive  x-ray  sneer- urn 

from  the  su-T-aoe.  As  expected,  A  J  .  Si  and  Cu  content  is 
round  duo  rn  me  matrix,  S  i  0  wnisicers.  and  On  alloying 
preerr  rate  pa  r  *  .  c  •-v  (  A  i  ?CuMg) .  (Mg  content  is  detected  at 
lower  mic  •osro  >o  -■  r.e  l  e-a  1 1  ng  voltages,  our  nan  not  oe  seen 

in  r.'ui  .  f  .cu  i  a  t  g-vpn.i  Tne  fracture  su-race  exmhits  tne 

usuai  d  i  mp  • -  >pea  "p-icp  of  tne  ma-rix  w  t  ■.  -.-rec  l  p  i  fates  and 
w  ••  i  s<e’’s  -  -  -  •«-  •*r>r  ron  ot  tne  cimp  e« . 

It  s  r  e  r  :  n  g  to  compare  ••<•;  treated  surface 

w  i  t  it  the  "l  o'  r  •  t  .  •  n  -i  u  -  v  r  o  .  .  -  "  .- c  ;  n  ‘•in  u  re  i  . 

Sea  f  r  e  r  e  r  -.  -  ,  o  c  a  i  •  ~  e  <  i  m  e  ,  -  •  w  e  -  e  "irnc  across  -  .  e 

race.  ■  ■  •  ■  -  •  •  e  ;  •  •  i »  tne  ><•»<•♦  "  !•  <  s  r  f  o  ■  o  1 1  c  e  f-  .  i  e 

"1  ^  o  t  -  '  ’  '  *■’,  .  1  '  V  ■  ^  ,  >.  *  "  k  ‘  i  ^  r  t  '  1  1  i  ,  '  tf-1  \ 1 

f  * '  'i  T  '  •  ■  **"•■«»  ’  '  •  '  t-  •  •  .  »TT  T  » r  ■  4'  i  (-Of-1'  /•  »;  i  m  1  i  '* '  *  *■  *  > 
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or  1 6  si.’ 


'•  are. 


1  oca  i  i  " ec; 


I'hese  Ri'-ricn  areas  or  apparent 
me  •  r  i  -'.(j  are  a  p’-ons  0  !  e  csosp  or  tre  poor  st  length  prone — les 
or  the  '? 7G°r:  t'-eated  mareri.n. 

Tne  7  F.  M  was  rser-  to  verity  orof-ptation  or  a  (,'u- 
rontrininr  prase  and  ro  M’rrner  character l ne  its  composition 
<•••;•  ,i'.o’’oin]ory.  ’■  -lyn-e  -  >-  .  m  i  c:’”ograp">s  snow  neeoie  snaneo 
precipitates  within  rra  matrix  trains.  Convergent  neam  energy 
dispersive  .--ray  spec  tv,--.  <  ,r  -.->p  incivurs  1  prec  :  p  ’  r  a  tes  again 
indicate  the  Cu  content  o'"  r^e  particles.  Ke  is  a  iso  tonne  in 

tnese  particles.  ;jr  er  i  p  i  ra  res  or  sini  ar  sine  were  nor  ^nmo 

’  n  tne  i  <s  material  I  see  p‘grr<»  '  i  . 

The  DSC  c  i 1  •  ' '  e  i  •  <  '  v  -  i  :  no  i  c?  tPs  orecni  tat  inn  at 
V  V  ()  ’('.  V  O  V  •=>  :  7  "  :  -  t  -  e  '  e  a  C  t  1  O  h  IS  d  lie  “  C  r’  a  “  r  1  y 

p'-pc  -  p t  -  ~  -  o  i  -rii  not  -  -e  i  ■  ’  presence,  another  ca  *  <v  •  •  *et "  i  c 

r: r  v  e  •-/  a  c  gene  r  a  ^  ■’  1  "  4  matrix  wit  r  no  i  C 

- 1  r,  O'T a- >  r  .  con  jr>«.  •  -e  • ,  .<  o  matrix  ci”""p;i  r  c ■  -  - .  ,.>■ 

n  -  l  g  ■  ’ : •  .  n  .  i  e  r  -  :  -  -  •  *  re.*  c  t  ;  ,>n  r  v  ’  0 ° c,  •  c  c  “  ~  ■  r  i  a  r 

.iar,  .i*''n  e  )r,t  ..-  *  a'  a  . .-  i  •  p-.opa  >*s  "o  >e  i  orepenoev  t  or 

-  i  C  prese-  -e.  n  :  r.  ~e  i  n  i  s  -eart ,  on  is  a  matrix  phenomenon.  v’ 

:  i  r>  :n  g  .  -s'  '  ' ' .  -  -  *  ’•  v  .->  i  -  a  1 1  Hit  •  e  i  n  t  o  r  r  a  .1  e  i  t wt-  •-,» 

p  e  i  are  -  -*  n  t  <  •  •  -  ..  ,  »•  r  »»a  tec  at  V  7  0  °  tor  '  o  nr. 

I  f  or  ’•  ■  ;  ••  -  -  i  .-1  w  •-  -•  r  —  e  .  a  iriost  r  -  ■  \  -  o  ■. 

n  r  ec  *•.»*”  a  r  •  o  r>.  -  ■  :  o  i'  m  .  r  ,  e  s  .  a  n  r  a  .  •  a  •  l  ♦  -i  e 


% 


1 


1 


COUNTS 


I  { 

identified  oy  e-ectron  ;•  i  r  r  ract  i  on  nfithocs.  tne  i.'simI  form  of 
m  n  rontrinir.'C'  orecvo  rates  i  o  r  1  s  rv:;  rem  •  s  Ai.>rMn,Ciin  1  -  .. 
a  hrittie  i  n  r  e  r  n  e  f  s  i  •  i  o .  ’  i  i  : o r  e c  :  p  l  t a  t  •  o r>  i  s  tne  obvio u s 

cause  of  the  decrease  in  sT-ength. 

figures  a  n  r,  *  0  from  tre  berJrgrourd  section  are 

reoroduced  in.  K  i  rure  4 1  -or  nomoars  1 1  ve  purposes.  Recall  that 
tnese  two  tr-mns  we>-e  determined  in  o  i 1  rerent  studies  of  ROfi  1 
conoos  i  tes  oy  different  l  nves t  ic:a  tors .  The  DSC  curve  snows  a 
prpnuii  f  it  1  on  react  i  on  a*  t  a  p  p  r  o  x  i  mate  i  y  ?  h  o°  ■'  i  n  the 
connos  i  r«.  "He  ’-■ansi  ie  of -enrrii  us.  temperature  graph  for  the 
same  type  system,  ’--dilates  ;  ower  tens  lie  strength  at  this 
tempera  rure.  "  i  :  s  e  t  fee  t  in  6  o  R  1  of  lower  ten si  le  strength 
a  i  t  e  r  e  y  p  o  s  n  r  e  to  a  t  e  m  pei’»  tu  r  e  where  prpnpi  t  s.  1 1  on 
oeou’-s,  appears  to  be  operating  oy  tne  same  mechanism  as  has 
g  ■:•::  ••o»n  remonstrated  for  - IM-SiC  at  "7  0<:'C. 

irantard  heat  treatments  for  most  aluminum  composites  are 
t:v>  same  a  •  those  emp  i  oyec;  for  the  unrein  forced  matrix  alloy. 
Tempera tures  and  times  of  treatment  are  selected  on  the  basis 
of  -  e r.  t  -o--.  wi  i  c ;  •  occur  ■■  n  the  aluminum  a  lloy,  such  as  tne 
pi-ec  i  p  i  t  ■-=  r  -  on  and  growth  o'  i  nrerneta  i  l  ic  particles.  However., 
when  S i r  whiskers  are  introduced  into  a  matrix,  tne  react i on 
“empe^a  fu  res  “o~  tie  composite  do  not  necessari  t  y  rema  in  1"he 
sa  me  as  tor  r.-e  pure  matrix. 

-  •,  i  u  - e  co m ~  i  sou  r  t  ('  c .  —  ?.-s  ,  t  t a  ; 

w  :  —  ■  n  i-.’i  *  r  :  ■miref*  '■  t  .  -  if  »  ’■  -  m  - 1  -  1  "  w  i  i-  •.  HO  \r  ■  o 
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DAMAGE  AND  REPAIR  OF  THE  INTERFACIAL  REGION  IN  SILICON 
CARBIDE  WHISKER  REINFORCED  ALUMINUM  COMPOSITES 

C.R.  Harris  and  F.E.  Wawner 
University  of  Virginia,  Charlottesville,  VA. 

INTRODUCTION 

Discontinuous  silicon  carbide  whiskers  (SiCw)  can  be  ad 
to  aluminum  alloy  matrices  to  improve  the  strength  properticr. 
the  material  (1-3).  To  transfer  stresses  to  the  high  mods 
whiskers,  an  adequate  interfacial  bond  must  exist  between 
SiCw  and  the  surrounding  matrix.  In  powder  metallurgy  compos  it 
this  bonding  can  be  achieved  during  vacuum  hot-press  m  i 
temperatures  above  the  solidus.  Materials  are  then  hot  ext:  . 
to  align  the  whiskers. 

This  paper  focuses  on  the  breaking  of  bonds  in  this  i  rT 
facial  region  during  forming  processes,  and  also  indicate:  • 
these  broken  bonds  can  be  reformed  at  relatively  low  ter;, 
tures . 

EXPERIMENTAL  V K OCEI) IKK 

Composite  materials  were  obtained  from  Advanced  ' 
Materials  Corporation  in  Greer,  S.C.  Three  composit;  ■ 
studied  -  2124  Al/  20  v/o  SiCw,  1100  hi/  20  v/o  S 1 , 
proprietary  alloy,  SXA24E  +15v/o  SiCw. 

Samples  of  the  1100  and  2124  composites  were  h  t-r 
490°C  to  a  55%  reduction  in  thickness  (10%  reduct :  •  :•  ■ 

through  the  rollers)  at  the  University  of  Vii  . 
specimens  were  rolled  into  2  mm  sheet  at  Alva::  ■ 

Materials  Corp.  This  sheet  has  an  approximate  :• 
thickness  of  80%. 

Tensile  tests  were  performed  on  both  r 
extruded  materials,  using  an  Instron  m.ich: 
samples  were  tested  at  each  condition.  Ulti~  .*■ 

(UTS)  values  were  obtained  for  e>trui-  ; 
measurements  were  then  compared  with  :T 
composites.  The  rolled  materials  were  t*-: 
as-rolled  condition,  prior  to  any  sc  • 

Rolled  composites  were  also  teste! 
consisting  of  a  one  hour  exposure  to  ;  • 
water  quenching  .  No  aging  was  pert'  r • 

Fracture  surfaces  were  exam.-, 
scanning  electron  microscope 
and  1100  matrix  composites  w.  :  • 
extruded  materials.  Three  :• "  ‘  • 

(TEM)  disks  were  cut  t  r 
mechanically  polished  bet  :• 
techniques.  A  Philips  i  V ; 
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used  to  examine  specimens. 


RESULTS  AND  DISCUSSION 

Ultimate  tensile  strength  data  are  presented  in  Table  I. 
Values  are  given  for  extruded  materials  before  rolling,  for  as- 
rolled  samples,  and  also  for  rolled  composites  which  were  then 
heat  treated.  For  each  system  investigated,  UTS  was  greatly 
decreased  after  rolling.  Upon  subsequent  heating  at  495°C, 
however,  the  strength  of  rolled  composites  was  found  to  be  near 
the  original  values  for  the  extruded  composites.  (Extruded  SXA24E 
plate  was  not  available  for  examination.) 


Composite  Material 

Ultimate 

Extruded 

Tensile  Strength  (MPa) 
As-rolled  Rolled/Heated 

1100-20v/o  SiC*, 

399 

315 

390 

2124-20V/O  SiC*, 

700 

430 

673 

SXA-15v/o  SiCw 

* 

356 

668 

*  Extruded  SXA24E+15v/o  SiCw  was  not  available. 

TABLE  I.  Ultimate  tensile  strength  values  for  composites. 


Yield  strength  values  were  not  of  primary  concern  in  this 
study.  It  has  been  shown  (4)  that  in  Sic  whisker  reinforced 
composites,  UTS  is  mainly  controlled  by  the  whiskers,  while 
precipitate  phases  and  whiskers  both  make  substantial 
contributions  to  yield  strength.  As  can  be  seen  in  Table  I,  UTS 
dramatically  increases  after  reheating  rolled  materials.  This 
increase  is  independent  of  precipitation  hardening  effects 
because  the  heating  temperature  of  495  °C  is  above  the  solut ion¬ 
izing  temperature  of  both  2124  and  SXA24E  alloys.  The  heated 
materials  were  quenched  and  tested  without  being  aged.  UTS  was 
chosen  as  the  measurement  parameter  to  isolate  the  whisker 
contribution,  which  is  dependent  on  the  strength  of  the  matrix- 
fiber  interface. 

Examination  of  fracture  surfaces  indicate  why  strength 
decreases  after  rolling.  Figure  1  is  an  SEM  of  the  fracture 
surface  of  a  high  strength  extruded  sample  of  1100-20  v/o  SiCw. 
In  Figure  2,  the  surface  of  a  rolled  1100  composite  specimen, 
which  has  much  lower  strength,  reveals  a  large  amount  of  whisker 
pullout.  The  pulled  out  whiskers,  along  with  the  decrease  in  UTS, 
indicate  that  the  fiber-matrix  interface  has  been  damaged  during 
the  rolling  process. 

Figure  3  is  a  schematic  representing  the  cross  section  of  a 
composite  during  the  rolling  process.  One  silicon  carbide 
whisker,  with  an  assumed  circular  cross  section,  is  depicted 


surrounded  by  aluminum  matrix.  The  large  arrows  represent  the 
external  compressive  forces  exerted  by  the  rollers.  At  the 
rolling  temperature  of  490°C,  the  matrix  should  be  quite  ductile 
and  easily  flow  around  the  whisker.  The  small  arrows  indicate  the 
probable  stress  state  in  the  matrix  near  the  whisker.  Ashby  (5) 
has  proposed  a  dislocation  model  of  plastic  flow  for  this  con¬ 
figuration,  in  which  lateral  tensile  stresses  at  the  interface 
can  lead  to  separation  and  void  formation.  Since  this  rolling 
process  is  occurring  at  elevated  temperature,  vacancy  motion  and 
dislocation  climb  can  occur,  causing  void  formation.  This  is,  of 
course,  a  very  simple  representation.  Whisker  interaction  and 
misalignment,  along  with  uneven  distribution  of  the  external 
forces  greatly  complicate  the  situation.  However,  it  is  reason¬ 
able  to  expect  void  formation  at  the  interface  between  the 
brittle  Sic  and  the  ductile  aluminum  matrix. 

TEM  examination  of  extruded  specimens  of  peak  aged  2124  and 
also  1100  composites  revealed  no  voids  along  the  interface  prior 
to  rolling.  Figure  4  shows,  however,  that  these  voids  do  indeed 
occur  in  rolled  materials.  In  the  figure,  the  dark  regions  are 
the  whiskers  (in  cross  section),  and  the  voids  are  clearly  shown 
as  the  light  semi-circular  areas  adjacent  to  the  fibers. 

An  in-situ  heating  experiment  was  done  in  the  TEM.  In  Figure 
4(a)  an  interfacial  void  is  shown  in  a  sample  of  rolled  1100 
composite  before  heating.  The  series  of  micrographs  in  Figures 
4(b)  through  4(e)  show  the  same  void  as  time  progresses  and  heat 
is  applied.  The  photos  indicate  that  the  void  is  being  eliminated 
during  heating.  The  last  micrograph.  Figure  4(f),  shows  that  the 
void  remains  sealed  after  cooling  to  room  temperature. 

Care  must  be  taken  when  comparing  thin-film  heating  and 
diffusional  processes  to  similar  processes  in  bulk  material. 
Therefore,  the  time  duration  and  temperature  during  this  in-situ 
experiment  was  not  accepted  as  absolute.  Rather  a  separate 
temperature  study  was  undertaken.  Figure  5  shows  a  plot  of  UTS 
vs.  one  hour  heat  treatment  temperature  for  rolled  1100-SiC 
composite  material.  This  graph  indicates  that  increases  in 
strength  occur  not  only  near  500°C,  but  also  at  relatively  low 
temperatures.  Heating  for  one  hour  at  350°C  results  in  nearly  the 
same  ultimate  strength  as  that  obtained  after  heating  at  495°c. 
However,  the  exact  temperture  at  which  interfacial  repair  begins 
has  not  been  determined. 

The  exact  nature  of  what  has  been  referred  to  as  interfacial 
repair  is  not  known.  Damage  may  be  occurring  in  the  matrix 
material  immediately  adjacent  to  the  whisker-matrix  interface 
rather  than  actually  breaking  the  interfacial  bonds  themselves. 
The  actual  structure  and  composition  of  interfacial  bonds  in  SiCw 
composites  has  been  the  subject  of  much  debate.  Depending  on  the 
matrix  composition,  various  compounds  such  as  A1203,  Al^SiC4  (6), 
and  MgO  (7)  have  been  reported  as  occurring  at  the  interface. 
Certainly,  different  interfacial  structures  in  different 
composites  would  not  be  expected  to  have  the  same  thermal 


characteristics.  The  above  results,  however,  show  that  this 
damage  and  repair  effect  occurs  in  composites  of  varying 
compositions.  To  determine  exactly  what  processes  are  occurrring 
and  where  they  take  place  will  require  analysis  on  a  much  finer 
scale  than  that  used  in  this  study. 

CONCLUSION 

Bonding  between  the  matrix  and  reinforcement  in  silicon 
carbide  whisker/aluminum  matrix  composites  plays  a  major  role  in 
the  strength  of  the  composite  material.  Forming  processes  such  as 
rolling  can  cause  damage  to  the  interface.  This  damage  can  be 
alleviated  by  subsequent  heat  treatment  at  relatively  low 
temperatures . 
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